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ABSTRACT 

The  physics  of  fast  ignition  is  being  studied  using  a  petawatt  laser  facility  at  the  Lawrence 
Livermore  National  Laboratory.  Performance  of  the  PW  laser  with  deformable  mirror  wavefront 
control  giving  intensities  up  to  3x10^°  Wcm'^  is  described.  Measurements  of  the  efficiency  of 
conversion  of  laser  energy  to  relativistic  electrons  and  of  their  energy  spectrum  and  angular 
distribution  including  an  observed  narrow  beam  angle  of  ±15°,  are  reported.  Heating  by  the 
electrons  to  near  IkeV  in  solid  density  CD2  is  inferred  from  the  thermo-nuclear  neutron  yield. 
Estimates  suggest  an  optimized  gain  of  300x  if  the  National  Ignition  Facility  were  to  be  adapted 
for  fast  ignition. 


1.  INTRODUCTION 

The  concept  of  the  Fast  Ignition  (FI)  [1]  is  of  importance  in  inertial  fusion  energy  (IFE) 
research  because  it  offers  the  possibility  of  significantly  higher  gain  than  can  be  obtained  in 
indirectly  driven  [2]  or  directly  driven  [3]  inertially  confined  fusion  (TCF).  Higher  gain  would 
allow  power  generation  with  lower  driver  efficiency  and  FI  is  therefore  attractive  for  laser  driven 
IFE.  Figure  [1]  illustrates  this  by  showing  the  calculated  gain  for  IGF  targets  of  a  size  appropriate 
to  the  1.8  MJ  National  Ignition  Facility  (NIF)  which  will  start  operation  in  the  USA  in  2002. 

The  NIF  target  designs  for  indirect  drive  have  been  developed  over  decades  of  research  and  there 
is  a  sound  basis  for  the  predicted  gain  factor  of  12  to  20.  The  research  base  for  direct  drive  with 
predicted  gains  at  NIF  scale  of  20  to  70  is  less  mature,  but  is  nevertheless  substantial.  The 
potential  for  gain  of  about  300  indicated  for  FI  at  NIF  scale  is  based  on  newer  physics  of  the 
interaction  of  intense  laser  radiation  with  plasma  in  the  relativistic  regime  and  its  practical 
feasibility  remains  to  be  proven. 

The  essential  idea  of  fast  ignition  is  to  pre-compress  the  fusion  fuel  by  conventional  laser 
driven  methods,  then  to  ignite  the  fuel  with  a  separate  short  duration  high  intensity  laser  pulse.  A 
pre-cursor  hole  boring  pulse  creates  a  channel  in  the  plasma  atmosphere  enabling  the  ignitor  pulse 
to  penetrate  close  to  the  dense  fuel.  Absorption  of  the  ignitor  pulse  at  the  critical  density 
interface  generates  a  beam  of  relativistic  electrons  which  transport  energy  to  the  dense  fuel  and 
heat  the  ignition  spark.  It  must  reach  a  temperature  kT>10  keV  over  a  density  radius  product 
pr>0.5  gcm'^[4]  The  mean  energy  of  the  electrons  must  be  such  that  their  energy  is  deposited 
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i.im  PETAWvrr  laser 

PotyerfulsbOit. -pulse  lasers  have  beco,m.e.av.ai,iable  through,Piyrped''peise'm’rip!iftCatioft 
(CPA)  in  hij^  energy  neodymium  glass  lasers  and  one  beam  line  of  the  10  beam  Nova  laser  using 
disc  amplifiers  of  up  to  31.5  cm  diameter*  has  teen  adapted  with  CPA  to  generate  0.8  kilojoule 
stretched  pulses.  Petavratt  power  is  obtained  when  the  stretched  pulse  is  re-compressed  via  a  pair 
of  1  meter  diameter  reflection  gratings  to  a  ihinim urn  du  than  500  ps  p], 

■The  focal  spot  deterW-fnes  the  Intensify'  and  a  difflraction  "limited  Airy' "pattern;  would, 
ideally  be  produced.  In  practice,  the  wave  front  qia!^  is  typically  many  times  ffiffractton  lipited 
due  both  to  passive  opti  cal  imp^feciioos  and  to  therm^:  effects  from  heating  Of  the  laser  glass  by 
the  flashlamps.  The  PW  laser  beam  line  at  Nova  has  a  recovery  time  of  more  dian  10  hours  to 
fully  dissipate  the  beating  from  a  single  firing.  The  Introduction  of  a  cotnputer  comrolled 
defoiroahle  mirror  (iDM)  has  significantly  improved  the  wavefront.  The  surface  figure  of  the  DM 
is  adjusted  by  an  array  of  37  piezo-eltetric  actuators.  The  required  correctiori  is  computed  from  a 
ced  Image  of  37  focal  spate  produced  by  a  matching  array  of  micro-  lenses  in  a  Haitmarm  sensor. 
The  sensor  is  first  fed  vihth  a  reference  plane  wave  then  at  10  Hz,  with  pute  from  thp  Nova 
bcMtiHiie  (operating  without  fWng  of  the  main  amplifiers).  The  wave  froni  fe.terremed  ihireal 
time  fi>r  eifors  having  spatial  fiequeitcies  up  to  a  limit  determined  by  the  finite  «um%  of  piezo¬ 
electric  actuators.  After  a  full  power  firing  using  toe  'DM:-'.systei!i,  t|»'differc;nce''tetwee|fhe 
wavefront  quality  registered  by  the  Hartmann  smisor  and  the  plane  reference  wave  is  used  to 
compute  the  uncorrected  prompt  optical  distortion  due  tq  the  l«in|  pf  the  flashlamp®^^^^  ^A 
correction  for  die  prompt  distortion  is  then  also  introduced  on  the  DM  The  net  effect  of  use  of 
the  DM  is  illustrated  in  figure  2,  The  laser  focal  spot  is  recorded  by  an  equivalent  plane  monitor 
equipped  with  a  16  bit  ced  camera.  A  typicdl  image  without  the  DM  after  a  7  hour  cooling  delay, 
shows  significant  thermal  distortions.  The  much  improved  focal  spot  shown  with  use  of  the  DM 
is  reproducible  for  firing  intervals  as  short  as  1  M2  hours.  Analysis  of  the  ced  images  allows 
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:deterihlnrtj<jm  ,of  the  spctrpm^of  tote  Typteally,  peak  tote'nstoes' reach  yatoes  uj^  to'3 
Wcni*^  when  the  laser  is  operaled  at  a  power  of  1  PW  and  20%  of  die  energy  is  deliver^  above 
i  0®  Wciii"^'.  The';fractioti,  ofthe  power  cdntato'Ml  np'tp  Ae  first  mirtTOiito:''tooihd':A'e^  c 
.Acai-^pt  Ja.,30%K"Thfi-StreW  i0itio%  ;5%  a)r»d  the  fwhm,  of.Ae-Cehtml  :lbcoI  .spot' is  2$  times  the, 
diffraction  liiMit, 

-eneriy^  incident  on. toe;  target;^  the  irrivalof  toe  sholl-pol^  itnpeffint 

in  exfteriiiienis.  This  enei^y  aJises  .torati  atoplifi«d,  s]xmtonedus^  erniraion; (AS,E)^a!id  .ftohi  snail 
•firactipnal  leakage-.of  the  short.-pu1se,,torongh  Pockels^  c^^  gates  in  the'  :ptjlse'  generator 'ifStem’,, 
ASE  hcgihs:,.approxim:atety  4  its  prior  to 'toe  shcto,  ptose  at;a,’fto#ily  ctenstMt  .inteM 
energy  is '^pically  3  xlO"^  of  toe'  :raain:  palse:  M^^  A  teakage  pulse  aitiveS  2  ns  before'  the  main 
pulse  aind  its  fninimized  energy  is  1 0  *^  of  the  mten  pqlse,  Tito  ASfe  and  leakage  pre-pulse  create  a 
plasma  from  solid  targets  prior  Id  toe  priyal  of  the  pulse  arid  interaction  of  toe  main  pulse 
with  this  plasma  particularly  by  relativistic  self  focusing,  is  important  in  the  conversion  of  laser 
energy  to'' electron  .  energ!,f..,|hprt-^^  optical  inte-rfe:rpinetiy  ''has'hoen  ustol' to;indasire^  to 
densil^  structure  of  toe  pre-pulse  induced  plasma  and  these  TOults  hav^e  been  compared  with 
numerical  simulations  in  2  dimensional  cylindrical  symmetry  using  the  hydrodynamic  code 
Lasnex  [6J  Good  consistency  of  measured  and  computed  tesults  has  allowed  more  rputine 
detc.tmin.ation..0f  variations  in  the  struc'twre^  of '.A'C  perforia'ed  plasma  from'  .LasneX'  mddeltog.ifl 
conjunction  with  mdnitoriiig  toe  ASE  and  prepulse  levels  on  each  shot. 


Ft&  -2.  ^iquivalent  plane  focal  spot  images' kdrizoniial  lineoMs^'WffF  ifalmvi^  aMMtHmii 
fbeiaw)  itM  DM  the  fwhm  of  the  focal  spot  with  the  MrrPr  is  F  pm. 

Experiments  wito  toe  PW  la^r  are  conducted  in  a  vacuum  Chamber  in  which  an 
parabolic  mirror  is  used  to  focus  toe  55  cm  diameter  main  beam.  For  pulses  down  5  ps  duration 
the  parabola  is  protected  vrith  a  fused  silica  debris  shield,  For  shorter  pulses  down  to  0. 5  ps  the 


mi 


focused'  beam'  is'refl.ected  at  normal '■incidfiice 'said  3-ciini  di'aineter  liy  a  dielectric  jiiitTOr^opicratinl 
as  a  plasma  wiirror  and  no  debris  shield  is  used 


v3.€ONVEteIOH AfW  SPICTRIJM  M  THE  EI^ICTRONS 

of  ttriW  IO%  of:ffie-Mcidfeart 

^;exeeedi.iig'600  keV’  inferred  Iran  measuremeiits  the  Ks  fluoiesceweof  a^buried  l^er 

:'Mo  'in'Co 'targets,  1?].  these  mMsaTetnenls  made  at  peak  foeused.  i«tens%  Weirt*^  in 

ri  5  ps  pulses  were  obtained  with  15  J  laser  pulses  usiiig  a  smaller  scale  protelype  of  the  PW  be^a^ 
the  good  elliciettcy  and  citable  ^mean  eaei^  of  the  eiectrons  for  applfoation  -to  'fosi  ipition 
provide  a  basis  for  more  detailed  studies  of  the  electron  soiiree. 

the  full  scale  PW  system  opetahn|  in  bofoi  0.5  and  'S<ps  pulses  has  been  used  to  stu<fy  foe 
elecffort  eaefgy  '^ctrum .--at  ;peak:-  intensities  of  3x10^®  and  SxlO^'^  'Yi'em-  fespeGtively.  -A 
magnetic  electron  sp^trometer  [8]  was  used  to  measure  the  energy  spectra  of  foe  elections.  The 
teiiets  in:  foese  .experirneHts  were  al:m  used;  to  pradiiee  high  enerp'  'x-rays  %'  bremcsstrahlung  and 
were  typically  0,5  mm  foick  Au.  Electrons  emitted  from  the  rear  of  these  targets  have  therefore 
lost  energy  by  both  collisions  and  due  to  the  electrostatic  potential  in  the  target  Tn  spite  of  these 
losses;  foe  recorded  electron  specfra  have  energi^  up  to  l  OO  MeV  as  Shown  in  figure  3;  The 
quasi-exponential  slope  of  foe  electron  energy  spectriini  can  te  used  to  estimate  an  equivalent 
temperature  for  the  electron  source  and  measurements  in  the  region  of  above  10  MeV  show 
rgiparent  temperatures  for  both  the  0-5  ps  and  5  ps  data  of  the  order  of  5  to  10  MSeV.  It  is  clear 
foom  foese  data  that  the  tail  has  a  higher  tempemture  than  would  be  inferred  by  assuming  the 
temfwarature  to  !:«  close  to  the  ponderomotive  potential  at  the  vacuum  intensii^.  Such  an 
estimate  gives  1  MeV  and  3  MeV  respectively  for  the  long  and  short  pulse  date-  The  spectra  were 
recorded  at  30®  from  foe  laser  dfoecrion  and  als  at  PS**  for  targets  atfoornml  iBeidenae-;!!  is 
evident  from  ffgure  3  that  in  the  region  iaround  10  MeV  the  deforoi  flux  is  si^  larger  in 

foe  fowaid  diroction.  i  is  foe  observation  of  positrons  produced  by  pair  prodiietton 

In  the  Au  laj^et 


Mg.  3.  Eiminm  0.5  ps  pidm  -mrmilfy  incidmt 

m  a  0,5  mm  Au 


A  AMGlPLAtt  WStftlitrriON  Of  IMISSION 

X-*my  bremssttahlufig  frotti  t^tativlstie  electrcwts  cone/lii'|te  ef  Ij*^  whife  j  is  the 
rtlltivtstic  ftefot  Cwsi^ueMly,  mttsuremehts  of  tie  at^tllar  disitihutuMi  if  ty  js-ray  ettiissiin 
at  photon  energies  in  the  MeV  rc^on  are  almost  equivalent  to  direct  measurenient  of  the  ahgufar 
distrihation  of  the  electron  flux  in  the  target.  Silieon  pin  diode  detectors  in  2.5  cm  thick  Irad 
ho«sin|s  were  used  to  record  the  hard  x-rays  of  energies  |reaier  than  I  MeV,  An  airay  of 
tj'picilly  10  of  these  detectors  showed  forward  peaking  of  the  M'^ray  emission,  but  also  showed 
very  large  random  fluctuatioiis  in  the  pattern  of  emission.  A  mord  intensive  antiy  of  97  theriio- 
lurainescent  (TLD)  detectors  was  therefore,  put  in  place  to  measure  the  distfflMtlon  more 
accurately,  Their  filtering  was  Such  that  they  responded  to  photon  energies  greater  thati  300  keY 
with  a  father  flat  spectral  response  per  rad.  of  incident  radiafion.  The  array  -covered  a  ±45®  cone 
of  angles  around  the  laser  direetiori  and  was  used  to  produce  foe  map  of  x-rUy  emission  shown  in 
figure  4.  The  striking  feature  of  these  data  is  the  broad  angular  trnige  and  rnultiple  off  axis  peaks, 
Cornparisoi  of  nomi'nijly  idlenfical  shots  shows  foal  foe,  pattern  of  the-se  peaks,  changes 
randomly  fooffl  shot  to  shot. 


«f  to  pt  taipit'OIOm 

4J*4J 
3.0- as 
i.e-as 
1.0- u 


tliyoirriy|d  oononritfiaiiy'  ori  tear  Ms  - 
at  ^  i,  Wt  1i,  mSi  m  m  .m  «  d^roa* 


FIG.  4.  the  mgutar  pdtiitn  cf  x~my  emimhn  (‘mtPd^d  With  ti  flJ)- afr^i  FmhsS0§ehi- 

mpt&enis  om  TLD.  Left  -  Fudear -mthmim  from  /  mm  thick  Ati  targets  backed  mtk  t  tftm  bit: 
ami'Lmm  Au,  (he  tatter  subdivided  ihtp  f  m'm  cylinders  ip  map  the' dfigidar  pattern  0mtimH(m 
m'er  a  'fdnge  of  ±4T  „  • 

4  WCLMi  AC  ftVAf  ION 

High  energy  x-ray  photons  interacting  with  high  z  target  materials  induce  photo-neutron 
emission  and  nuclear  aCtivalidh  through  nuclear  giant  resonance  (K,±n)  processes.  The 
resonaonees  are  relatively  narrow  and  peak  at  energies  which  increase  systemallcaliy  with  the 
number  of  ejected  neutronis  x  For  example  x  /  in  An  peaks  at  about  1 5  MeV  while  foe  x  ? 
process  peaks  it.aftoUt  70  MeY,  The  product  nuclei  are  typtcally  iri  excited  states  and  decay  by  y 
eniission.  Where  foe  half  lives 'Of  theprpdfucts  are  suitable  tor  miatysis  by  ycotmting  ti^-hniqaes 
tie  yields  can  be  measured  acctifately.  Au  has  been  found  to  be  an  excellent  element  in  this 
respect  and  irt  our  measurements  foe  yields  for  X"=l3t4,5.6  annd  7  have  been  recorded.  From  the 
yields  and  known  cross  sections  of  these  processes  the  ateolute  spectral  intensity  In  the  15  to  70 
fteV  spectral  region  covered  by  foe  peaks  of  these  cross  sections  has  been  deduced. 


Another  useful  feature  of  the  nuclear  activation'  is  that  it  eiaWes  a  delermihatton:  of  the 
ahguliu’tfistrifeation  of  the  x-r^^^  photon  energy^,  Figure  C41  ilustrates  lesults  Ohtatned 

fronti  nuclear  activation  of  an  Au  disc  (which  is  composed  of  tnultiple  smaiier  disks)  behind 
die' target  The  pattern  show^  a  typically  broad  off  axis  ^k:  arid  there  is- evidence,  in  fig  lire  [4]  of' 
-splitting  of, the  peak,.  The  direction  of  the.j^ak  is; random,  The  TLD  recorded,  patterns, of  IMeV 
photons  and  the  15  IvfeV  itotlvation^  p^^^^^  have  been  seen  to  ^  uncorreiated.  The  stochastic 
behavior,  wide  beam  angle  and  random  off  axis  peaks  observed  for  horinal  incidence  0.5  ps 
irfadiition  of  Au  targets  are  unfavorable  for  applications  and  the  reasons  for  this  behavior  and 
possibilities  for  modifying  it  are  therefore  important. 

1  RELATIVISTIC  CHANNELING 

Evidence  of  relativistic  channel  formation  is  shown  in  figure  b-  Tlie  laser  Was  focused  at  variabte 
distances  in  front  of  and  behind  the  surface  of  a  planar  Au  target  at  nonna!  incidence  arid  550  J  in 
OS  .ps.  The .irradiated  area  .on  the  target  if  th,e  propgatiOn  of  toe'  laser;  were  unaf&ptod'  %'  The 
performed  plasma,  is  shown  by  the  superimposed  circles,  For  focusing  300  pm  in  front  of  the 
target  the  ,x-ray  pinhole  ''camera  images  "Of  the  .front  surface. -of  toe  .target  filtered  to  record  x*rays.' 
of  about  5  keV  energy,  shows  an  emission  mne  which  is  approxiniately  20  pm  in  diaiheief  and 
much  smaller  than  the  nominal  100  micron  diameter  irradiated  area.  The  linage  has  structure 
suggesting  one  strong  filament  and  2  subsidiary  filaments,.  Displacement  of  the  target  to  the  plane 
of 'best;  ;focas  shows  an  es^ntially  invariant:  x-ray  image,.  By  contrast  when  laser  was  focused  ,200 
pin  behind  the  surface,  the  x-ray  image  was  diffuse  and  of  weak  infensi^^  extending  over  a  large 
area  more  than  300  pm  in  diameter,  It  has  one  10  pm  diameter  bright  spot  attributable  to  a  small 
fraction  of  the  beam  undergoing  relativistic  self  focusing,  The  y  ield  of  photo-neutrons  was 
esserttially  constant  at  2  to  3  xlO*  for  focusing  in  front  of  toe  target  while  focusing  behind  toe 
torget  surface  gave  -a  drop  in  :yield  to  fO’,,  These -data  imply  a  constant  high  -  intaBisity  of 
interaciion,  associated  with  relativistic  channeling  for  focusing  in  front  of  toe  surface. 


FIG.  3.:  -X-ray  pinImk  mmem  images,  The  hxatim  of  ike  largei  surface  rekiUm  w  the  fomf 
pfme  is  imiimied  in  the  sketek 
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8L  MECHANISMS, INFLUENCING  THE  ELICTRON  SOUECl 

Possi  We  cayses  for  the'  Sochastic  behavior  and  wide  'beaw  diverpnee  include  S'  lwsini 
..inste&ility  .df'the  felativistic  'dlainent .at  near  critical  derisitj*-,- which  has  fecCO'  seen'  ii,pa.jftic'le.in: 
cell  i^IcVmodeling' [9]  ;Oi  Weilwl  .instabiiitf  breaking  up  the  relativistic' eiectroi 
multiple  off  axis  filaments  which  has  also  been  seen  in  PTC  modeling  [10]  Refraction  of  the 
filament  in  the  structure  of  preformed  plasma  may  also  contribute.  The  hoi  tail  in  the  energy 
spectrum  of  the  electrons  is  attribumble  with  some  confidence  to  acceleration  processes  at  sub- 
critical  density  which  have  recentiy  been  noted  in  PIC  modeling  to  give'- apparent  temperatures 'of 
more  than  3  time  the  ponderomOtive  potentid,  [I  I] 

9.  ELECTRON  EMISSION  FOR  P  POLARIZER  OBLIQUE  INCIDENCE 

In  very  r^eit  experiments  the  angular  distribution  of  electron  emission  has  been 
.mc«pi,red  for  P  polarized  45  degree:  in0idence'-;on  CH  polymer  targets  typically  I0f>  jim.  thick, 
using  5  ps  laser  pulies  at  energies  up  to  650 1  Here  the  absorption  m®;hahtsnl  is  different from 
the  jxB  process  at  normal  incidence  which  creates  'two'  electron  bursts  per  optical  cycle,-  p 
polarized  obliquely  incident  absorption  is  by  the  Brunei  mechanism  [12]  in  which  electrons  are 
driven  perpend-icular  to  'the  target  surface  from  sub 'to  super-critical  density'  ’%  the  electric  field'  of 
the  laser,  The  absorption  launches  electrons  into  the  target  with  the  oscination  energy  alOig  the 
perpcndiciirar  to 'the  ■target  surface.  The  electrons  were.: detected  by:- a  cone:. of, .radio-chromic 
placed  behind  the  target  and  centered  on  the  laser  axis.  This  film  was  it  two  layers,  the  first 
behind  7  pm  of  Al  and  the  second  layer  behind  an  additional  2CK3  pm  of  Ta.  The  first  layer 
detected  electrons  with  energies  >  1(X)  keV  an,d  the  second  .>  -SOO.heV,  The.  image  ffom. the.  first 
layer  showed  the  emission  pattern  in  figure  6,  An  intense  electron  beam  saturating  the  film 
isobserved  ^proximately  normal  to  the  target  surface.  Also  of  interest  are  weaker  emission 
features,  .in  particular,  a  line  of  emission  (in,  a  V  shape  on.  the  .  info.lded'c.Oiie  of  film)  which 
'coTresponds  to:  electrons  a«cele:rated  in  the  plane-  of  incidence  over'a'±  90®  range  of  angles 
rditive  to  the  laser  beam.  Tie  Second  layer  shows  tmly  the  beam  direefed  along  the  normal  to 
the  target  surface.  A  line  out  of  the  optical  density  of  the  film  indicates  that  the  angular' range  of 
the  beam  is  only  t  lS^at  full  width  half  maximum  of  the  optical  density  (yvhich  is  approximately 
ptoporiional'  'to  irttensity).  There  is  also  i'nteresti.ng  .'fine  .structure  -within  -the  ^.beara  with  an  aigiilar 
range  of  lust'a  few  degrees..  This  narrow  well  directed,  beam -is  extremely  prortiisini  a.nid-'intereslii.g 
for  application  to  fast  ignition. 


VK16.  Radiachromfc  film  images  of  the  electron  emission.  >iOOkEV  pattern  owrjommrd 

hemisphere  (mne  of' film  placed  on  a  flat  plane).  Right'  >S0bkeV  erdarged  view  of  bmmed 
embsian 
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10.  HEATING  BY  THE  ELECTRONS 


Theoretical  work  [13]  has  suggested  that  a  beamed  source  of  electrons  in  solid  density 
material  can  be  transported  with  magnetic  collimation  by  its  self-generated  magnetic  field.  More 
recent  calculations  [14]  for  intensity  of  2  x  10  '’Wcm'^  in  a  15  (xm  focal  spot  show  collimated 
heat  flow  with  temperature  reaching  3  keV  on  axis  and  IkeV  out  to  a  radius  of  15  fim  penetrating 
through  0.1mm  of  solid  CD2.  This  kind  of  heat  transport  is  highly  desirable  for  fast  ignition. 
Moreover,  the  electron  jet  previously  described  is  suitable  to  initiate  this  behavior.  Targets  of 
solid  CD2  with  a  surface  layer  of  CH  were  irradiated  with  5  ps  pulses  to  study  thermonuclear  fusion 
reactions  in  the  heated  CD2  which  generate  neutrons  from  DD  fusion  with  an  energy  of  2.45  MeV 
and  an  energy  spread  in  keV  of  82(kT/lkeV)'^^  Such  nearly  mono-energetic  thermal  neutron 
emission  is  very  different  from  the  photo-neutron  emission  discussed  earlier  or  neutron 
generation  by  accelerated  deuterons  striking  static  deuterons  [15],  both  of  which  produce  neutron 
energy  spectra  that  are  many  MeV  wide.  Figure  7  shows  a  neutron  spectrum  recorded  by  a  large 
aperture  neutron  scintillator  array  (Lansa)  comprised  of  196  photo-multiplier/scintillator 
detectors  located  20  m  from  the  target  at  an  angle  that  is  backward  at  70°  from  the  laser  axis. 

The  target  had  10  |xm  CH  over  100  pm  CD2  and  was  irradiated  at  5  ps  with  180J.  The  striking 
feature  of  the  spectrum  is  a  narrow  peak  at  2.45  MeV  which  is  well  above  the  noise  level  and 
cannot  be  attributed  to  statistical  fluctuations.  This  peak  implies  emission  of  6  x  10  ''  thermo¬ 
nuclear  neutrons  and  the  yield  (scaling  as  T^)  suggests  heating  to  a  temperature  approaching  1 
keV. 


FIG  7.  Lansa  neutron  energy  spectrum  showing  a  narrow  peak  of  thermal  DD  fusion 
superimposed  on  a  broad  background 

11.  FAST  IGNITION  AT  THE  SCALE  OF  THE  NIF 

A  general  conclusion  in  considering  fast  ignition  is  that  the  critical  difficulty  is  to  create 
the  ignition  spark.  The  energy  required  in  the  electron  beam  reaching  the  spark  has  been 
determined  from  numerical  simulations  [16]  and  can  be  written  in  the  form  80(100/p)'  *  kJ.  The 
same  analysis  shows  that  the  required  density  radius  product  pr  is  0.5  g  cm”^.  Reducing  the 
density  therefore  increases  both  the  spark  radius  and  its  inertial  confinement  time.  Larger  radius 
and  longer  pulse  reduce  the  required  intensity  at  the  laser  focal  spot.  An  important  constraint  for- 
fast  ignition  is  that  the  electrons  should  have  an  energy  deposition  range  equal  to  the  spark  pr.  A 
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limit  of  about  IMeV  is  therefore  imposed  on  the  energy.  The  laser  intensity  x  (wavelength)^  or 
is  consequently  limited  to  approximately  2.5xlO'®Wcm“^p.m^. 

At  the  scale  of  NIF  the  ignition  requirements  could  be  met  with  10%  of  the  NIF  beams  (i.e.l9) 
focused  in  a  clustered  array  of  25  [xm  diameter  spots  at  20  ps  pulse  duration  and  0.53  p,m 
wavelength,  delivering  200  kJ.  It  is  assumed  here  that  hole  boring  brings  the  ignitor  beams  to 
within  about  100  jim  of  the  dense  core,  that  there  is  30%  conversion  to  electrons  and  66% 
efficient  magnetically  collimated  transport  with  two  fold  increase  in  electron  beam  diameter  at 
the  ignition  spark.  Compression  of  the  fuel  is  assumed  to  be  accomplished  with  8%  hydrodynamic 
efficiency  typical  of  direct  drive  and  with  a  ratio  a  of  internal  energy  to  the  Fermi  degenerate 
minimum  of  2.  If  1  MJ  of  laser  energy  is  used  to  compress  the  fuel  the  mass  is  4.1  mg  with  a 
diameter  of  340  mm,  The  pr  is  3.4  gcm'^  and  the  burn  efficiency  given  by  pr/(pr+7)  is  0.33.  The 
gain  i.e.  ratio  of  bum  yield  to  laser  energy,  is  therefore  330.  It  is  necessary  for  obtaining  high 
gain  that  the  total  laser  drive  be  well  above  the  ignition  threshold  and  this  sets  a  lower  limit  on 
the  density  as  illustrated  in  figure  1.  The  upper  density  limit  arises  from  in  the  focal  spots 
which  increases  with  density  as  indicated  in  figure  1  .In  this  scenario  there  is  a  narrow  operating 
window  at  about  200  g/cc.  The  higher  gain  obtained  in  fast  ignition  arises  because  we  assume  high 
compression  efficiency  ti=8®/o,  a  low  adiabat  ratio  a=2  and  a  low  density  p=200.  where  the 
energy  used  to  compress  the  fuel  dominates  the  total  input  energy  and  scales  as  rjap  Lower 
values  of  both  a  and  p  relative  to  direct  drive  are  the  source  of  the  5  to  10  fold  higher  gain  for  FI 
shown  in  figure  1. 

This  simple  model  has  many  limitations.  The  requirement  in  fast  ignition  research  is  to 
substantiate  that  the  postulated  behaviors  can  be  obtained.  It  is  apparent  that  if  they  can  be 
obtained  then  fast  ignition  has  a  unique  capability  for  high  gain  of  considerable  potential 
importance  for  IFE. 
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